The objectives of this study were to evaluate ruminal fiber stratification and to develop a mathematical approach for predicting the mean retention time (MRT) of forage and concentrates in goats. A dataset from 3 studies was used that contained information regarding fiber and lignin intake as well as ruminal content and the kinetics of fiber passage for forage and concentrates. The kinetic information was obtained through pulse dose and the fecal concentration measurement of forage and concentrate markers in the same animals that were used to measure ruminal content. The evaluation of heterogeneous fiber pools in the rumen was performed using the Lucas' test assumptions, and the marker excretion profiles were interpreted using a model known in the literature as GNG1. The GNG1 model assumes an age-dependent fractional rate for the transfer of particles from the raft to the escapable pool in the rumen (λ r ; h -1 ) and an age-independent fractional rate for the escape of particles from the escapable pool to the remaining parts of the stomach (k e ; h -1 ). The equations used to predict the MRT for forage and concentrate fiber were developed using stepwise regression. A sensitivity analysis was conducted using a Monte Carlo simulation to investigate the relationships between the dependent and independent variables and between forage and concentrate passage rates. The Lucas' test yields goodness-of-fit estimates for NDF analysis; however, the homogeneous fiber pool approach could not be applied because a positive intercept (P < 0.05) was identified for lignin ruminal content. The stepwise regression model for MRT estimation had an approximate coefficient of determination and a root mean square error (RMSE) for forage of 0.53 and 9.78 h, respectively, and for concentrate of 0.49 and 5.86 h, respectively. The sensitivity analysis yielded a mean rate of passage (k p ) value for forage of 0.0322 h -1 (0.0158 to 0.0556 h -1 ) with 99% confidence interval. For the concentrate, the mean k p value was of 0.0334 h -1 (0.0146 to 0.0570 h -1 ). A heterogeneous ruminal fiber pool should be assumed for goats fed diets with considerable fiber contents. The results of the sensitivity analysis indicated that both λ r and k e are of similar importance to the rate of passage in goats. The rates of passage of forage and concentrates in goats present a high degree of overlap and are closely related.
ABSTRACT:
The objectives of this study were to evaluate ruminal fiber stratification and to develop a mathematical approach for predicting the mean retention time (MRT) of forage and concentrates in goats. A dataset from 3 studies was used that contained information regarding fiber and lignin intake as well as ruminal content and the kinetics of fiber passage for forage and concentrates. The kinetic information was obtained through pulse dose and the fecal concentration measurement of forage and concentrate markers in the same animals that were used to measure ruminal content. The evaluation of heterogeneous fiber pools in the rumen was performed using the Lucas' test assumptions, and the marker excretion profiles were interpreted using a model known in the literature as GNG1. The GNG1 model assumes an age-dependent fractional rate for the transfer of particles from the raft to the escapable pool in the rumen (λ r ; h -1 ) and an age-independent fractional rate for the escape of particles from the escapable pool to the remaining parts of the stomach (k e ; h -1 ). The equations used to predict the MRT for forage and concentrate fiber were developed using stepwise regression. A sensitivity analysis was conducted using a Monte Carlo simulation to investigate the relationships between the dependent and independent variables and between forage and concentrate passage rates. The Lucas' test yields goodness-of-fit estimates for NDF analysis; however, the homogeneous fiber pool approach could not be applied because a positive intercept (P < 0.05) was identified for lignin ruminal content. The stepwise regression model for MRT estimation had an approximate coefficient of determination and a root mean square error (RMSE) for forage of 0.53 and 9.78 h, respectively, and for concentrate of 0.49 and 5.86 h, respectively. The sensitivity analysis yielded a mean rate of passage (k p ) value for forage of 0.0322 h -1 (0.0158 to 0.0556 h -1 ) with 99% confidence interval. For the concentrate, the mean k p value was of 0.0334 h -1 (0.0146 to 0.0570 h -1 ). A heterogeneous ruminal fiber pool should be assumed for goats fed diets with considerable fiber contents. The results of the sensitivity analysis indicated that both λ r and k e are of similar importance to the rate of passage in goats. The rates of passage of forage and concentrates in goats present a high degree of overlap and are closely related.
INTRODUCTION
None of the main ruminant nutrition models used nowadays have assumed the ruminal fiber stratification in its set of equations; therefore, the fiber pool has historically been assumed to be a compartment of uniform amount of fiber in the ruminoreticulum, independent of the ruminant considered. However, a uniform mass compartment may not occur when animals are fed diets with considerable concentrations of fiber. Instead, in these cases, the digesta is stratified into 2 distinct solid phases, that is, the floating mat (raft), which is selectively retained due to its buoyancy, and a solid phase containing smaller particles dispersed within the fluid phase that are able to escape from the rumen (Hungate, 1966; Sutherland, 1988; Vieira et al., 2008) .
For grazing ruminants, the occurrence of ruminal fiber stratification is relatively well described whereas for browsing ruminants the stratification is not expected to occur (Clauss et al., 2010) . Unfortunately, the literature does not clearly articulate which approach describing the dynamics of the ruminal fiber pool in goats (intermediate feeders) produces the best fit although Tedeschi et al. (2012) have indicated that the rate of passage (k p ) of goats consuming forage may be similar to those of cattle and sheep (i.e., grazers) when the goats are under confinement conditions. Our hypothesis is that goats, despite being considered browsers in natural environments (in which case the stratification of digesta would not occur), exhibit the nonselective behavior typical of roughage eaters when fed forage-based diets in confined and intensive production systems and therefore experience fiber pool stratification. Therefore, the objectives of this paper were to investigate the stratification of digesta in the rumen of goats, to develop a mathematical approach to predict the mean retention time of forage and concentrate in goats, and to perform a sensitivity analysis of the models developed.
MATERIALS AND METHODS

Dataset Descriptions
The criteria used to select the studies to construct the database were those outlined by Cannas et al. (2003) , in which diets must have at least 20% forage (DM basis); intake must have been individually measured, not estimated; ruminal contents must have been measured by complete evacuation; and feed and ruminal contents must have been analyzed for DM, CP, NDF, physically effective NDF (peNDF), and lignin. In addition, the pulse dose and fecal concentrations of the forage and concentrate markers had to be from the same animals that were used to measure the ruminal content. The data from 3 studies were used as follows and summarized in Table 1 .
Experiment 1 (Lopes, 2009 ) consisted of a completely randomized design with a 3 × 3 factorial treatment structure to evaluate the effect of the maturity of the forage, represented by age of cutting (35, 50, and 65 d), and the particle sizes of coast-cross hay [Cynodon dactylon (L.) Pers., 1805] on ruminal fiber mass in growing male goats. The database of this experiment contains 53 individual values for ruminal content collected 2 h after feeding at slaughtering and 18 individual profiles of fecal fiber excretion from forage labeled with chromium (Cr 2 O 3 ).
Experiment 2 (Felisberto, 2011) evaluated the effect of the combination of 3 particle sizes (2, 5, and 15 cm [arithmetic mean particle size]) and 4 levels of NDF from forage (340, 410, 490 , and 570 g/kg DM) on the milk production of goats (after 60 d of lactation) in a completely randomized design with a 3 × 4 factorial treatment structure. The database of this experiment encompasses 48 values for ruminal content collected 2 h after feeding at slaughtering and 48 individual profiles of fecal fiber excretion from forage and concentrates labeled with ytterbium and lanthanum, respectively.
Experiment 3 (Matos, 2012 ) studied the effect of 3 fiber sources (Tifton hay, corn silage, and alfalfa hay) and number of parities (primiparous and multiparous) on the milk yield of dairy goats (after 60 d of lactation). This experiment consisted of a pen study with 96 dairy goats in 12 pens in a completely randomized design with a 3 × 2 factorial treatment structure with 2 replicates. For each pen, 2 goats were slaughtered (2 h after feeding) and 3 goats were used to measure the profiles of fecal fiber excretion. Therefore, the average nutrients intake parameters, ruminal content, and 1 NDFI = NDF intake; LIGI = lignin intake; peNDFI = intake of physically effective NDF; For diet = diet forage content; Conc diet = diet concentrate content; NDF diet = diet NDF content; CP diet = diet CP content; Lig diet = diet lignin content; N/λ r For = compartmental mean residence time of the first ruminal pool for forage; k e For = fractional rate of escape of particles from the escapable pool for forage; N/λ r Conc = compartmental mean residence time of the first ruminal pool for concentrate; k e Conc = fractional rate of escape of particles from the escapable pool for concentrate; MRT = mean retention time; Q DM = dry matter content in the rumen; Q NDF = NDF content in the rumen; Q LIG = lignin content in the rumen.
2 When testing the single-pool approach, all data from experiment 1 were used (n = 53). Therefore, Obtained from pulse dose studies and interpreted kinetically using the GNG1 model: MRT = N/λ r + 1/k e . Where λ r = age-dependent fractional rate for the transfer of particles from the raft to the escapable pool in the rumen; and k e = age-independent fractional rate for the escape of particles from the escapable pool to the remaining parts of the stomach.
4 n = 53.
particle kinetics were used. The database of this experiment consisted of 12 values for nutrient intake, ruminal content, and profiles of fiber excretion from forage and concentrates labeled with ytterbium and lanthanum, respectively.
Testing for the Existence of a Single Fiber Pool
The validity of the single ruminal fiber pool approach for goats was evaluated using the test developed by Lucas et al. (1961) and adapted by Van Soest et al. (1992) to identify homogenous compartments in the rumen. This approach has been used to predict the turnover of dietary components (Cannas et al., 2003) and the homogenous fiber compartment in cattle and sheep (Vieira et al., 2008) . The uniform pool of a determined feed or digesta component in the ruminoreticulum compartment can only be considered if the linear relation between the pool size (Q x ) and intake rate (F x ) yields acceptable goodness-offit estimates (Eq. [1]; Vieira et al., 2008) :
in which Q x and F x are NDF or lignin ruminal content and intake, expressed in grams and grams per day, respectively, T x represents the ruminal turnover, and Q xm represents the metabolic portion of the component determined. The criteria adopted for the uniformity assumptions were the absence of a lack of fit for linear regression, a low value for the standard deviation of the linear regression parameters, and an intercept that does not differ from zero for both NDF and lignin analysis, as fiber and lignin are not part of the endogenous matter (Van Soest, 1994) . The uniformity assumption was tested by using all the data from Exp. 1 (n = 53), 2 (n = 48), and 3 (n = 12), because individual feed intake data were available and ruminal contents were assessed by slaughtering all the animals. Additionally, the Q x and F x were scaled to BW using the allometric function y = α × (BW) β . When β differed from unity (95% confidence interval), the scaled variables , which contradicts the assumptions of fiber uniformity and indicates that the ruminal turnover is a function of BW, which is an additional assumption for applying the Lucas' test (Vieira et al., 2008) .
The allometric equations were fitted according to the nonlinear mixed model methodology using the SAS macro %NLINMIX (SAS Inst. Inc., Cary, NC; version 9.3). The between-study variability was modeled by introducing a parameter u to the β allometric equation. The residual variance was modeled using the power-of-the-mean variance function when heteroscedasticity of the residuals was observed. The restricted maximum likelihood was used as the method of estimation, and the zero-order expansion method was used to fit the model (Littell et al., 2006) .
The Lucas' test was performed using the follow statistical model (Sauvant et al., 2008) via the MIXED procedure in the SAS software (SAS Inst. Inc., Cary, NC; version 9.3):
in which Y ij = the dependent variable (Q x or c x Q ), expressed in grams, β 0 = the overall (interstudy) intercept, S i = the random effect of the ith study, assumed to be independent and identically and normally distributed (iid) ~ N (0, , and e ij = residual errors, assumed to be iid ~ N (0, 2 e s ). When the SAS software produced the note that the "estimated G matrix is not positive definite," the model was reparameterized without the respective variance component with a value of zero. Graphical analysis (conditional Pearson residuals vs. predicted values) indicated that there was withinsubject (study) residual heteroscedasticity; therefore, the power of the mean function was used to account for this heteroscedasticity (Littell et al., 2006) .
Rate Passage Analysis
The marker excretion profiles of the forage (Exp. 1 [n = 18], 2 [n = 48], and 3 [n = 12]) and concentrates (Exp. 2 [n = 48] and 3 [n = 12]) were kinetically interpreted with the model known as GNG1 (Eq. [3]; Matis, 1972; Pond et al., 1988; Matis et al., 1989; Vieira et al., 2008) :
in which δ = λ r /(λ r -k e ), C (t) is the marker concentration at time t i , C (0) is the mass ratio between the marker dose and the particulate matter of the raft pool NDF mass in the raft pool, λ r is the age-dependent fractional rate for particle transference from the raft to the escapable pool (h -1 ), k e is the fractional rate of escape of particles from the escapable pool in the ruminoreticulum to the remaining parts of the stomach (h -1 ), τ is the particle transit time from the ruminoreticular orifice to the first appearance in the feces, and N is the order of time dependency. The GNG1 model allows us to estimate the compartmental mean residence time (CMRT) independently for each ruminal pool (raft and escapable) and the mean retention time (MRT) can be expressed as MRT = N/λ r + 1/k e and the passage rate (k p ) can be expressed as k p = 1/MRT. The GNG1 functions were fitted to each profile for 0 < N ≤ 6 using the Marquardt algorithm of the NLIN procedure in SAS (SAS Inst. Inc., Cary, NC; version 9.3). The criteria adopted to choose the order of time dependency were the following: 1) the convergence criterion, 2) estimates of λ r that did not tend towards k e , 3) the simplest model (smallest order of N), chosen using the approach described by Burnham and Anderson (2002) and Vieira et al. (2012) that used Akaike's information criterion (AIC), differences among AIC values, the Akaike weights or likelihood probabilities, and the evidence ratio or relative likelihood, and 4) graphical analysis.
Modeling Empirical Equations to Predict Ruminal Fractional Passage
After the GNG1 fitting was completed and the most reasonable order of time dependency was chosen, the λ r and k e parameters were modeled independently with the goal of understanding which factors influence each parameter most. As mentioned previously, the MRT is calculated as N/λ r + 1/k e . The first term was modeled to account for the order of time dependency directly on the estimated coefficient of the parameter. In other words, N/λ r = f(β i , X i ) + e. The second term was modeled directly in terms of the fractional rate k e = f(β i , X i ) + e.
The independent variable candidates that were common to all experiments were regressed against these parameters based on methods described by Tedeschi et al. (2012) . Two groups of variables were used (Cannas et al., 2003) : 1) predictors associated with diet composition, such as diet forage content, diet concentrate content, diet NDF content (NDF diet ), diet CP content, and diet lignin content (Lig diet ), which are expressed in grams per kilogram DM, and 2) predictors associated with intake level, such as DMI, NDF intake (NDFI), intake of physically effective NDF (peNDFI; particles >1.18 mm), and lignin intake (LIGI), which are expressed in grams per day. The variables in group 2 were also expressed in grams per kilogram BW (relative variables); however, when these parameters were determined to have BW effects, the variables were scaled to BW (g/kg β BW). In addition, the logarithms of all of the independent variables in group 2 were also included as independent variables. The logarithms of λ r and k e were also evaluated using the independent variables mentioned above (transformed variables). Because it has been shown that a relationship exists between the passage rates of concentrates and forage, the λ r and k e of forage and its logarithmic values were added to the λ r and k e of the concentrates as independent variables (Cannas and Van Soest, 2000) .
The stepwise regression procedure PROC REG in SAS (SAS Inst. Inc., Cary, NC; version 9.3) was used to select the predictors (α = 0.10). To avoid problems with multicollinearity, the variance inflation factor (<10) and the condition index root (<30) were considered (Rawlings et al., 1998) . After this first step, a meta-analysis was performed using the extension of Eq.
[2] to accommodate other independent variables. The N/λ r and k e values, adjusted for study effects, were computed, and the approximate coefficient of determination was calculated for the regression of y adj on the fixed-effects variables to determine the combination of N/λ r and k e equations that best fit the dataset. Conditional Pearson residuals were used to evaluate the statistical assumptions and values outside the range of -3.0 to 3.0 were removed.
Sensitivity Analysis
A sensitivity analysis was performed using the Monte Carlo simulation technique to evaluate the impact of the independent variables on the dependent variable through the standardized regression coefficients (SRC). The SRC reflects the change in the standard deviation of a dependent (output) variable associated with a unit change in the standard deviation of an independent (input) variable with all other variables held constant (Helton and Davis, 2002) . The Monte Carlo simulation was performed with the @Risk v. 5.5.1 (Palisade Corporation, Ithaca, NY) software using 10,000 iterations and the default Latin hypercube sampling as the selection method (McKay et al., 1979) . Certain biological aspects were considered by restricting the lower and upper limits of the independent variables in the probability distribution fitting. The predictors associated with intake (i.e., DMI, NDFI, etc.) were restricted as follows: 0 ≤ X (g or g/kg BM) < a bounded unknown. The predictors associated with diet composition (NDF diet , LIG diet , etc.) were restricted as follows: 0 ≤ X (g/kg DM) ≤ 1,000. The unknown bound specific to the distribution had a finite bound (that is, it does not extend to plus or minus infinity). Spearman correlations were assigned to input variables to maintain the expected correlation between independent variables during the simulation. The chisquared statistic was used to choose the probability distribution for the independent variables.
RESULTS
None of the β parameters of the allometric equations except for Q LIG differed from unity (Table 2 and Fig. 1) . Therefore, both nonscaled and scaled variables were used to test the assumption of the uniformity of the fiber pool.
A value of β = 1 was used for the NDFI and NDF ruminal mass because neither parameter differed from unity. Consequently, the scaled variables were NDF were not different from each other (P = 0.84; Table 3 ). Despite the lack of evidence of a difference between the power (P = 0.80) of the LIGI and that of the lignin ruminal mass (which would result in LIG c T = T LIG and support the homogenous pool assumption), the intercept differed from zero, indicating the presence of a potential metabolic component to the lignin, which is not possible (Table 3) .
When the nonscaled variables were analyzed, there was clear heteroscedasticity of the residuals, indicated by θ values of 3.86 and 1.67 (P < 0.001) for Q LIG and Q NDF , respectively, which suggests that MRT does not exhibit homogeneous behavior over the BW range evaluated. The estimated variance components of the intercept and slope of the equations were not significant (P > 0.10; Table 3 ).
The transformed variables in the forage model and untransformed variables in the concentrates model were chosen based on the previously mentioned criteria. For the transformed N/λ r of forage, peNDFI, NDF diet , and DMI/BW 0.75 were selected (R 2 = 0.40; root mean square error [RMSE] = 7.36 h). For the transformed k e of forage, peNDFI/BW and LIGI were selected (R 2 = 0.13; RMSE = 0.0240 h -1 ; Table 4 ). For the N/λ r of concentrates, the natural logarithms of DMI and N/λ r of forage were selected (R 2 = 0.34; RMSE = 5.48 h). For the k e of concentrates, the natural logarithms of LIGI and the k e of forage were selected (R 2 = 0.21; RMSE = 0.026 h -1 ; Table 4 ). When the equations were formulated to predict the MRT, the R 2 and RMSE were 0.53 and 9.78 h, respectively, for forage and 0.49 and 5.86 h, respectively, for concentrates. Table 5 shows the values of the Spearman correlation coefficients used to preserve the structure of the original dataset in the Monte Carlo simulation. The correlation coefficient values were maintained in the simulation even when they were not significant. It is interesting to note that the correlation coefficient value between the compartmental mean residence time of forage (N/λ r For ) and the fractional rate of escape of particles from the escapable pool of forage (k e For ) was not significant (P = 0.20). However, a low but significant value for the correlation between the same parameters of concentrate (N/λ r Conc and k e Conc (not shown in Table 5 ) was found (r = 0.39, P = 0.012). Figure 2 shows the SRC for the N/λ r and k e of forage (panels A1 and A2) and concentrates (panels B1 and B2) from the simulated predictions using the equations in Table  4 . For the forage value of N/λ r , the NDF diet and peNDFI are similar in intensity, but their effects have opposite signs; increasing the NDF diet content also increases the time of residence in the raft pool whereas increasing the peNDFI decreases the residence time. For concentrates, increasing the DMI results in decrease in the residence time in the first fiber pool. Lignin intake has significant but opposite effects on the k e of forage and concentrates. It is interesting to note that LIGI has a strong influence on k e For . An increase of 1 SD in the LIGI value increases k e For by 118%. Both concentrate pools were influenced by their respective forage pools. Figure 2 -A3 and 2-B3 showed the effects of both fiber compartments on the rate of passage of fiber, calculated as k p = 1/(N/λ r + 1/k e ). Both raft and escapable pools presented similar intensity and importance on the k p . However, it is worth noting that the opposite effects are the result of the modeling approach, given that the first pool was modeled in terms of CMRT (h) whereas the second pool was modeled in terms of the fractional rate (h -1 ). Figure 3 -A1 shows an overlap of the k p probability distributions for forage and concentrates. A pronounced overlap was observed between these probability distributions. In the simulated dataset, the mean with 99% confidence interval of the k p value for the forage was 0.0322 h -1 (0.0158 to 0.0556 h -1 ). For the concentrates, the mean k p value was 0.0334 h -1 (0.0146 to 0.0570 h -1 ), very close to the forage k p . Figure 3 -B shows scatter plots of the simulated fractional rates of passage of forage and concentrates. A Pearson correlation coefficient between forage and concentrate rate passage of 0.66 (P < 0.001) was obtained.
DISCUSSION
Assessment of Heterogeneous Fiber Pools
The gut capacity of herbivores is scaled to the power of unity whereas feed intake is scaled to the power of 0.75 (Demment and Van Soest, 1985) . Nevertheless, feed intake can be considered to be scaled to 0.75 if and only if feed intake is under the control of metabolic factors rather than fill factors (Mertens, 1987) . This assumption is based on Table 5 . Spearman correlation coefficients and P-values of the variables from the original dataset used in the sensitivity analysis simulation basal metabolic energetic requirements. Animals raised in intensive production systems normally experience short periods of time in the basal energetic requirement range.
The dataset used to access the fiber pool was obtained from studies that used both growing and producing animals fed diets with considerable fiber contents, which could have led to the restriction of feed intake due to physical constraints. This possibility is corroborated by the isometric relationship between NDF ruminal content and BW. Ruminal lignin content scaled to the power of 1.59, most likely Neutral detergent fiber and lignin ruminoreticular content regressed against NDF and lignin intake (panels A1 and B1 are nonscaled variables; panels C1 and D1 are scaled variables) and conditional Pearson residuals (panels A2, B2, C2, and D2). Q LIG = Lignin rumen content; Q NDF = NDF rumen content; F LIG = lignin intake; F NDF = NDF intake; Q c LIG = scaled lignin rumen content; Q c NDF = scaled NDF rumen content; F c LIG = scaled lignin intake; F c NDF = scaled NDF intake.
because the NDF in the rumen is under effect of degradation and passage rates whereas lignin is only under effect of passage rate, and so the amounts that would accumulate in the rumen could vary, causing this allometry. Standardized regression coefficients obtained from Monte Carlo simulation measuring the effects of the independent variables on the dependent variables. Panels A and B correspond to forage and concentrates, respectively. Panels 1, 2, and 3 correspond to compartmental residence time in the first ruminal pool (N/λ r ), fractional rate of escape of particles from the escapable pool in the ruminoreticulum (k e ), and rate of passage (k p ), respectively. NDFdiet = diet NDF content; peNDFI = intake of physically effective NDF; N/λ r For = compartmental residence time in the first ruminal pool of forage; LIGI = lignin intake; k e For = fractional rate of escape of particles from the escapable pool in the ruminoreticulum of forage; N/λ r Conc = compartmental residence time in the first ruminal pool of concentrate; k e Conc = fractional rate of escape of particles from the escapable pool in the ruminoreticulum of concentrate.
As discussed by Van Soest et al. (1992) , evaluations of the presence of heterogeneous pools in the rumen and of fiber kinetic behavior are of particular importance. The Lucas' test allows the identification of heterogeneous pools and metabolic portions through simple linear regression analysis and to make inferences about the ruminal turnover of these compartments. The turnover of NDF determined from nonscaled (0.97 d) and scaled (0.86 d) variables did not differ, which suggests that the presence of homogeneous pools of fiber in the rumen rather than the BW affected NDF turnover. This result contradicts the findings of Illius and Gordon (1992) , who suggested that only BW affected ruminal turnover. However, because the range of BW encountered in the present study was low, no solid inferences could be made on the effect of BW on NDF turnover.
Although Lucas' test using the NDF analysis corroborates the presence of a homogeneous fiber pool, the scaled and nonscaled analysis for lignin indicate the presence of a positive metabolic component, which violates the assumption of a homogeneous ruminal fiber pool, as lignin is a genuine cell wall component and has no endogenous component. In other words, homogeneous fiber pools cannot be assumed when goats are fed diets with considerable fiber contents. Vieira et al. (2008) obtained similar results for cattle and sheep; however, they used robust linear regression to fit the Lucas' test, which resulted in greater standard errors than those obtained in the present study. In addition, correlated errors may have occurred, leading to greater parameter standard errors, as meta-regression tools were not used.
Comparing the NDF results with the lignin results reveals an interesting phenomenon. For the intercept (the metabolic portion) of the Lucas' test of lignin, the standard errors of both the scaled and nonscaled variables are smaller than those of NDF; in contrast, for the slope (turnover), the standard errors are larger than those of NDF. It is unclear what causes this effect, but it is probable that noise in the lignin analysis (due to the lower values in the data) is a factor. Moreover, both nonscaled lignin and NDF presented heteroscedasticity, which highlights the necessity of scaling the variables to control for the effect of BW. The assumption of heteroscedasticity could be used as an additional criterion in future analyses assessing homogeneous ruminal compartments.
GNG1 Fit and Modeling the Two Fiber Pools Approach. The limitations of the evaluated dataset need to be considered. Experiment 1 used Cr 2 O 3 as the forage fiber external marker whereas Exp. 2 and 3 used Yb and La as the forage and concentrate fiber markers, respectively. Both rare earth and chromium markers present problems. Rare earth can migrate from the solid phase to the liquid phase, consequently reducing the estimated MRT in the rumen, whereas chromic oxide increases fiber density, most likely affecting the true MRT (Van Soest, 1994) .
In contrast to Tedeschi et al. (2012) , who found consistently lower sums of squared errors and greater relative likelihood probabilities with the G2G1 model using data from goats, a greater frequency of G1G1 was observed in our dataset (45.33%). This difference is probably due to the fact that our dataset contained data from lactating animals, which usually have faster rates of passage and a lower degree of time dependency than the animals in the dataset analyzed by Tedeschi et al. (2012) . When our dataset was split into nonlactating (Exp. 1) and lactating animals (Exp. 2 and 3), the most frequent time dependency numbers were G2G1 (33.33%) and G1G1 (56.14%), respectively, in agreement with the work by Tedeschi et al. (2012) . We decided to model N (a factor that controls the length of time during which the fiber remains in the raft pool in the rumen) directly as a component of the independent parameter (N/λ r ). The result is the CMRT expressed in hours in this first fiber pool. This method seems to be appropriate because this result is added to the CMRT of the fiber pool dispersed in the fluid phase (given as 1/k e ) to calculate the total MRT. However, it is worth remembering that the first pool model fitted here gives us the value in terms of hours whereas the second pool model gives us the value in terms of reciprocal time.
The nonlinearity indicated by the choice of the logarithms of the dependent (forage) and independent (concentrates) variables is consistent with the findings of Cannas et al. (2003) and Tedeschi et al. (2012) . Despite the lower approximate coefficient of determination achieved in the fit, when the equations for N/λ r and 1/ k e were combined to predict the MRT, the coefficient of determination and passage rate values were reasonable and consistent with those reported in other studies (Seo et al., 2006; Tedeschi et al., 2012) .
Interestingly, the independent variables related to the concentrate dependent variables were the forage variables (N/λ r For and 1/k e For ), indicating that these factors are related. Even though concentrates theoretically do not undergo fiber stratification in the rumen, concentrates are high in density (low fiber content). In diets in which high forage contents are used, the raft effect occasioned by forage fiber could delay the transfer of the concentrate fiber from the dorsal to the ventral region, especially if total mixed diets are used. Consequently, a heterogeneous fiber approach becomes valid for concentrates.
Sensitivity Analysis
The sensitivity analysis allowed us to identify important factors that influence the dependent variables. The SRC can be used to provide a measure of the importance of the independent variables. However, interrelationships and nonlinearity between independent variables can lead to misinterpretation of the results, producing low values for SRC. This fact arises mainly if nonmonotonic behavior occurs between independent and dependent variables (Cariboni et al., 2007) , which did not seem to be the case in the data analyzed in this study despite the nonlinearity observed among the variables. Plots of the data (not shown) indicate a monotonic behavior in all nonlinear parameters.
The buoyancy of the first ruminal fiber pool is mainly caused by the gas entrapment; consequently, fermentability (rate and extension of digestion) plays an important role on the CMRT. Therefore, the greater structures of gas retention and more potentially digestible tissues would yield greater contribution of the buoyancy to the total MRT. The NDFdiet is an important factor that affects the rate of passage in ruminants. The buoyancy of the NDFdiet caused by the low density of the cell walls increases the residence time in the raft pool (as indicated by positive SRC values), which negatively affects the rate of passage. This result is consistent with the findings of Tedeschi et al. (2012) . However, while NDFdiet has a negative influence on the forage fiber passage rate, factors associated with intake levels such as peNDFI and DMI reduce the raft pool residence times for forage and concentrates, respectively. It is possible that the effect of the pressure caused by high feed ingestion pushes the fiber pool to the ventral region, enabling its escape from the gastrointestinal tract. Moreover, it has been demonstrated that increasing the peNDF dietary content stimulates chewing activity (Zhao et al., 2011) . Because particle size influences the rate of passage of fiber out of the rumen, it makes sense that this factor is found to have a negative value in the sensitivity analysis.
The relationship between N/λ r For and N/λ r Conc and between k e For and k e Conc clearly demonstrates the interdependence of forage and concentrate passage rates. In the case of the raft pool residence time, this interdependence illustrates the delay effect previously mentioned; in the case of the escapable pool, both forage and concentrate are influenced by the same predictor (LIGI), and it appears that these fiber pools (forage and concentrates) are similarly affected in this pool.
The similar importance of N/λ r and k e to both forage and concentrates (Fig. 2-A3 and 2-B3 ) is a significant finding because it demonstrates the important effect of the ascendant rate on the total MRT. Alternative interpretations using an age-independent model for this parameter are discussed by Grovum and Williams (1973) who assumes that, for bicompartmental functions, an ascending rate describes the ruminal outflow and a descending rate describes the lower tract turnover. The MRT obtained using age-dependent models such as GNG1 assumes 2 compartments in the rumen and 2 rates (λ r and k e ). It is possible that greater values for MRT are estimated and that lower passage rates are predicted than with functions used to describe the kinetics of particles.
The overlap between forage and concentrate k p (Fig. 3 ) in the simulated dataset suggests a considerable effect of forage on the concentrate k p when significant fiber contents are used in the diets of goats. The maximum and minimum values for forage and concentrate k p are in agreement with the results of the sensitivity analysis performed by Tedeschi et al. (2012) . However, our upper limit was lightly greater, likely because our dataset included lactating animals that usually present greater relative DMI and, consequently, faster ruminal turnovers (Hartnell and Satter, 1979) .
Conclusions
Heterogeneous ruminal fiber pools should be assumed in goats fed diets with considerable fiber contents. Both λ r and k e are of similar importance to the passage rate in goats. The rates of passage of forage and concentrates in goats present a high degree of overlap and are closely related. The equations that account for heterogeneous fiber pools are an alternative approach to predict the MRT of forage and concentrate fiber and are expected to provide more reasonable predictions for the digestibility of feed ingredients used in goat diets.
